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TUNING D* WITH MODIFIED THERMAL
DETECTORS

This application claims priority under 35 USC 119(e) of
Provisional Patent Application Ser. No. 61/005,066 filed Nov.
30, 2007, entitled “Tuning D* with Modified Thermal Detec-
tors,” which 1s hereby incorporated by reference in its
entirety.

FIELD OF THE INVENTION

The present subject matter relates to thermal/optical mea-
surement. More specifically, the present subject matter relates
to methodologies for adjusting the response characteristics of
a thermal detector.

BACKGROUND OF THE INVENTION

For some time research has been conducted on a chemo-
metrics-based optical measurement method called multivari-
ate optical computing (IMOC). A phenomenon in MOC has
been 1dentified and designated as the MOC passband disad-
vantage that has been defined as the cost of including large
spectral windows in which the sample shows no absorbance.
The phenomenon 1s analogous to the multiplex disadvantage
sometimes observed in FT-Raman spectroscopy of weak
bands i the presence of stronger features. The passband
disadvantage increases noise 1n a measurement without
improving, and sometimes harming, the ability to chemo-
metrically model a chemical system.

The MOC passband disadvantage, like the FT Raman mul-
tiplex disadvantage, 1s addressed by restricting the spectral
band of ameasuring device to wavelengths of greatest interest
using a physical optics means like filtering or by using special
light sources, etc. However, many of the best and most con-
venient methods for physical wavelength selection have
undesirable consequences such as 1rreproducibility. Interfer-
ence filters, for instance, vary from production lot to produc-
tion lot, and can even vary within a single lot. For this reason,
the physical properties of bulk materials have generally been
relied on to provide the most stable wavelength selection.
This same phenomenon atfects the reproducibility of simple
bandpass photometers, where the filtering elements vary from
instrument to instrument, making calibrations instrument-
dependent.

A more nearly 1deal selection of wavelengths would be
made by using detectors whose wavelength response 1s tuned
more directly and reproducibly toward the spectral intensity
of the analyte whose measurement 1s sought. If such a detec-
tor could be created and 1if 1t were convenient to use, then 1ts
responses would better correlate with analyte concentration
in mixtures than would those of a broadband detector, even in
the absence of any additional treatment. This would improve
the consistency of photometers and, 1f used 1n a MOC system,
one might expect such a detector to provide enhanced pertor-
mance and reduced sensitivity to spectral interferences.

A direct approach to creating a simple detector with a
spectral response tuned or adjusted to the absorption bands of
an analyte 1s to base 1t on thermal detection methods. Photo-
thermal and photoacoustic methods provide signals propor-
tional to energy loss following absorption by detecting the
conversion of light into heat by non-radiative decay. A detec-
tor 1n which the pure analyte or mixture of analytes 1s used as
the detection medium 1n a photothermal or photoacoustic
measurement can serve to restrict the wavelength band. The
same concept has been previously demonstrated using Golay
cells.

5

10

15

20

25

30

35

40

45

50

55

60

65

2

Solid-state detectors based on the detection of evolved heat
are more commonly used 1n optical systems. Pyroelectric

detectors, thermocouple or thermopile detectors, bolometers,
etc. are all relatively sensitive, broadband detectors based on
the detection of heat or temperature. In each case, the detec-
tion of light over a wide range of wavelengths 1s accom-
plished by converting 1t to heat and measuring a temperature-
dependent detector property. Compared to photon detectors,
thermal detectors usually have lower detectivities (D*), but a
wider and more featureless spectral response. For a photo-
dector, detectivity, D*, 1s generally defined as a figure of merit
used to characterize performance, and 1s equal to the recip-
rocal of noise equivalent power (NEP), normalized to unit
area and unit bandwidth.

While various implementations of temperature-dependent
detectors have been developed, no design has emerged that
generally encompasses all of the desired characteristics as
hereafter presented 1n accordance with the subject technol-

0gy.

SUMMARY OF THE INVENTION

In view of the recognized features encountered 1n the prior
art and addressed by the present subject matter, an improved
methodology for adjusting or tuning the spectral detectivity,
D*, of athermal detector through the absorbance of a polymer
film has been developed.

An approach to combining the chemical specificity of pho-
toacoustic or photothermal methods with the convemence of
a common thermal-type solid-state detector 1s to modify an
existing solid-state thermal detector. Modification requires at
least the reduction of the broadband response of the detector
by coating with a mirror film or films, followed by coating
with the desired absorber.

In accordance with aspects of certain embodiments of the
present subject matter, methodologies are provided for modi-
tying an existing thermal detector to include a metal mirror
and a polymer film 1n a configuration such that the polymer
film’s absorbance 1s responsible for most of the detector’s
thermal conversion.

In accordance with further aspects of the present subject
matter the detector 1s designed to tailor the spectral response
of optical systems more specifically to analytes in order to
improve precision in methods such as multivariate optical
computing (MOC) and simple photometry.

In accordance with other embodiments of the present sub-
ject matter, interference effects 1n the thin film response are
climinated by the textured surface of the silicon thermopile,
which makes the spectral response relatively simple. In an
exemplary configuration, the maximum detectivity when
employing a 1-micron-thick film was found to be 20% of the
detectivity of the original wide-band detector at 10 Hz modu-
lation frequency. The thermal diffusion length for an exem-
plary polymer at 10 Hz 1s estimated to be 40 micrometers. The
detectivity of the modified detector may be approximated as
the product of the D* of the underlying thermal detector and
the absorbance of the moditying film, provided the modula-
tion frequency 1s low and interference ellects are compen-
sated.

Additional objects and advantages of the present subject
matter are set forth in, or will be apparent to, those of ordinary
skill 1n the art from the detailed description herein. Also, it
should be further appreciated that modifications and varia-
tions to the specifically illustrated, referred and discussed
features and elements hereol may be practiced in various
embodiments and uses of the mvention without departing
from the spirit and scope of the subject matter. Variations may
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include, but are not limited to, substitution of equivalent
means, features, or steps for those illustrated, reterenced, or
discussed, and the functional, operational, or positional rever-

sal of various parts, features, steps, or the like.

Still further, it 1s to be understood that different embodi-
ments, as well as different presently preferred embodiments,
of the present subject matter may include various combina-
tions or configurations of presently disclosed features, steps,
or elements, or their equivalents (including combinations of
features, parts, or steps or configurations therecol not
expressly shown in the figures or stated imn the detailed
description of such figures). Additional embodiments of the
present subject matter, not necessarily expressed in the sum-
marized section, may include and incorporate various com-
binations of aspects of features, components, or steps refer-
enced 1n the summarized objects above, and/or other features,
components, or steps as otherwise discussed 1n this applica-
tion. Those of ordinary skill in the art will better appreciate
the features and aspects of such embodiments, and others,
upon review of the remainder of the specification.

BRIEF DESCRIPTION OF THE DRAWINGS

A 1full and enabling disclosure of the present invention,
including the best mode thereot, directed to one of ordinary
skill 1n the art, 1s set forth 1n the specification, which makes
reference to the appended figures, in which:

FIG. 1 illustrates absorbance of a near infrared dye such as
Epolight™ 4019 1n units of L/g-cm;

FI1G. 2 illustrates a physical model used to estimate spectral
responsively;

FI1G. 3 1llustrates detectivity of an ST1350 thermopile detec-
tor element at 10 Hz modulation rate;

FIG. 4 illustrates the relative response of a thermopile
detector:

FIG. 5 1llustrates detectivity of an ST150 thermopile in the
long-wavelength near infrared region compared to the
absorption of a thin polymer film on glass in the same spectral
window:

FI1G. 6 1llustrates the relative response of a modified ST150
thermopile as a function of chopper frequency; and

FIG. 7 illustrates chopper frequency effects on spectral
response for thermally thick films.

Repeat use of reference characters throughout the present
specification and appended drawings 1s intended to represent
same or analogous features or elements of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

As discussed 1n the Summary of the Invention section, the
present subject matter 1s particularly concerned with an
improved methodology for fabrication and characterization
of a modified thermopile detector having a spectral detectiv-
ity, D*, primarily determined by the absorbance of a polymer
f1lm.

Selected combinations of aspects of the disclosed technol-
ogy correspond to a plurality of different embodiments of the
present invention. It should be noted that each of the exem-
plary embodiments presented and discussed herein should
not msinuate limitations of the present subject matter. Fea-
tures or steps 1llustrated or described as part of one embodi-
ment may be used 1n combination with aspects of another
embodiment to yield yet further embodiments. Additionally,
certain features may be interchanged with similar devices or
teatures not expressly mentioned which perform the same or
similar function.
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It should be understood by those of ordinary skill 1in the art
that the present discussion 1s a description of exemplary
embodiments only, and 1s not intended as limiting the broader
aspects ol the present invention.

Prior reports of modified detectors focus on signals that are
“small.” In contrast, a photodetector 1s only valuable 11 1t
possesses an adequate detectivity (D*) to enable an optical
measurement. A “good” detector 1s one that has a maximum

response per watt or photon of light with the smallest possible
noise per unit area. However, to date no one has demonstrated
a high efficiency modified solid-state thermal detector, nor
has an effort been made to quantity the detectivity of a modi-
fied solid-state detector. In principal, the D* of a modified
detector should approach that of the detector prior to modifi-
cation, yetthis has also not been demonstrated. These types of
comparisons between modified and unmodified detectors are
generally referred to herein as “characterizations.”

In accordance with the present subject matter, a conven-
tional thermopile detector with a dye-doped polymer film 1s
modified, where the dye absorbs light 1n the 860 nm spectral
region. After modification, a radiometric calibration of the
detector 1s performed to compare 1ts spectral performance
following the film coating to that of the original broadband
detector. Analysis of results shows that detectors tailored to
improve the detection of a chemical analyte or chemical
factor can be produced by this method, and that their detec-
tivity 1s determined by the absorbance of the coating in a way
that 1s predictable by thin-film calculations and controllable.

The performance of the modified detector can be defined
by the product of the detector D* with the absorbance of the
f1lm, provided the film 1s not thermally thick and that inter-
terence effects are mitigated. For moderate thicknesses of
f1lms and moderate detection rates, chemically tailored detec-
tors for visible MIR and NIR applications are feasible.
Although one embodiment of the present subject matter pre-
sented here uses a thermopile detector, the method 1s general
to most 11 not all thermal detectors, including pyroelectric
detectors. Thermopiles have values of D* that generally range
between

1.5-9%10

8«:m—\/Hz
W

and response speeds of about 4-30 msec. Pyroelectric detec-
tors have similar or somewhat higher possible values of D*,
but sub-microsecond response times.

The following experiment 1s provided as a non-limiting
exemplary illustration of the present subject matter. An
ST150 Si-based thermopile detector was used with 1ts her-
mitic can removed. The first step 1n the detector modification
was to coat the surface of the detector element with a S102
film to act as an electrically msulating layer so that a subse-
quent silver layer would not short the device. The silica layer
was deposited onto the thermopile using a magnetron sput-
tering system. The device was fixed to a holder and the device
connections and base were grounded. A wire mesh was
placed over the detector to act as a Faraday cage to eliminate
any arcing that might occur and result in damage to the
detector circuitry. Power, gas and time settings were used
which, without the Faraday cage, would normally deposit
~2000 nm of S10, onto a substrate. It appears that >1000 nm
ol S10, was actually deposited through the mesh. Metallic Ag
was then deposited by magnetron sputtering using a CrC-100
sputtering system. The Ag film was of suificient thickness so
that at a wavelength of 400 nm the transmaission through the
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film was below 0.0001 as determined by test depositions on
BK'/7 glass slides. To complete the detector modification, a
drop of a dye containing polymer solution, described below,
was dripped across the face of the Ag covered detector after it
had been preheated to about 50° C. and allowed to dry.

At each step the detector was mounted 1n a metal holder
which had a BK7 glass window and was then radiometrically
characterized at room temperature using a radiometric char-
acterization system consisting of a model OL 750-S mono-
chromator with a OL 750C controller, and a model OL.-740-
20D light source using the tungsten lamp mode. The intensity
at the exat slit was evaluated using a model OL 750-HS-301
EC Silicon detector and model OL 750-HSD-380 pyroelec-
tric detector, using a crossover wavelength of 1050 nm. Both
detectors had been calibrated by the manufacturer with NIST
traceable standards. The detector characterization was done
using a model DSM 1A support module with a model OL
750-610 adapter, which was connected through the controller
module. Measurements of the detector were done 1n the AC
mode using a chopping frequency of about 10 Hz, with a
settling time of about 2 seconds and an integration time of
about 3 seconds. The spectral resolution was 10 nm up to
about 2050 nm and about 40 nm above. Measurements with
narrower slits were performed and showed, within the limits
of the noise of our measurement, the same results for spectral
responsivity. The data reported 1s based solely on the lower
resolution scans because of the improved S/N of the measure-
ment compared to the higher resolution scans.

Following this the detector response as a function of chop-
ping frequency was nvestigated. This was done using a SDL
8530 diode laser which had an output beam at 785 nm, an
optical chopper, a low noise pre-amp with the detector
hooked up to the 100 MW 1nput using high pass DC, and AC
coupling. The signal was measured using an oscilloscope
using a lock-1n measurement mode.

The measured D* of the ST150 detectors used 1n this study
were approximately a factor of 5 lower than reported by the
manufacturer, partly due to the higher resistance of the detec-
tors tested which increased the noise calculation and partly
due to a lower measured responsivity. For purposes of this
illustration, the response of the modified detector relative to
the unmodified detector on which 1t 1s based 1s the factor of
interest.

The polymer solution was prepared by mixing 0.0696 g of
a near inirared dye such as Epolight™ 4019 in 100 ml of
methylene chloride. Epolight™ 4019 1s a near infrared dye
available from Epolin, Inc. of Newark, N.J. 11.0 g of acrylic
ester resin was dissolved 1n the same mixture to serve as a
binding material that was transparent between 400 nm and
1100 nm.

FI1G. 1 shows the specific absorptivity of anear infrared dye
such as Epolight™ 4019 in the region between 400 nm and
1100 nm These data are derived from measurement of a
solution of 19.48 mg/L. of a near intrared dye such as Epo-
light™ 4019 1n methylene chloride. Amax 1s measured to be
862 nm (specific absorbance=56.6 L/gram-cm) 1n methylene
chlonide and 860 nm 1n the resin.)

The same specific absorbance can be attributed to a near
inirared dye such as Epolight™ 4019 1n the polymer solution
at 860 nm. Based on the specific absorbance of Epolight™
4019 (36.6 L/gram-cm), the density of the polymer (mea-
sured by water displacement to be 1.04 g/cm3), and the mass
ratio of the polymer to dye 1n the stock solutions (158 g
polymer/g dye), the total thickness of the polymer films can
be estimated as 26.8 um per absorbance unit at 860 nm.

Dip coat testing was performed using glass slides to esti-
mate the achievable thickness of the polymer films as a func-
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tion of the slide withdrawal rate. For withdrawal rates =0.1
cm/sec, the thickness (d) was well fit as a linear function of
drawing rate (r) using the formula d(um)=0.42+2.31r(cm/s),
with a relative standard deviation of the slope of 2.2%. Films
with thickness between 0.4 and 5 micrometers were studied
tor this calibration.

Calculations of the expected response for a model of the
system were performed using the matrix method of Abeles
under the assumption that the polymer film 1s thermally thin.
In the case of a thermally thin film, the spectral response 1s
expected to closely follow the spectral energy loss on retlec-
tion, (1-R), where R 1s the vector of spectral retlectance of the
system. The physical model of the system 1s illustrated 1n
FIG. 2.

The quality of detectors having ditferent dimensions, dif-
ferent noise-equivalent bandwidths, modulation frequencies
and wavelength responses 1s most appropriately compared
using the parameter of detectivity as a function of wavelength
(A) and modulation frequency (1), D*(A,1). This spectral
detectivity 1s the reciprocal of the noise equivalent power of a
detector, normalized for area and noise equivalent bandwidth.
It 1s numerically equal to the signal-to-noise (S/N) ratio
expected of a 1 cm?-active-area detector of the same type
when 1 W of light (at wavelength A, modulated at frequency
1) 1s detected with a bandwidth of 1 Hz (i.e., with a settling
time constant of 1 second).

FIG. 3 shows the measured spectral detectivity at 10 Hz
modulation frequency of an ST1350 thermopile detector as
received (curve A), the detector following deposition of a thin
S10, electrical insulator and silver film (curve B), and follow-
ing the deposition of the polymer film with 860-nm dye
absorption (curve C). The detectivity was determined by mea-
suring the spectral responsivity, calculating the thermal volt-
age noise at 1 Hz bandwidth as:

V 2=4k,TR 1

where k; 1s Boltzmann’s constant, T 1s the absolute tempera-
ture (taken as 298 K) and R 1s the resistance of the thermopile,
measured to be 119.3 k€2, and using the area of the detector as
2.25 mm?. The spectral responsivity was generally measured
to be 1 the range of 8-11 V/W-nm.

The as-supplied S1-based thermopile has a textured surface
that 1s coated with a proprietary black absorbing film that
gives rise to a relatively featureless, broad spectral response
for the detector as a whole. The reduction 1n response near
2’700 nm for the unmodified detector 1s due to absorbance by
a BK'7 glass window which was part of the housing used to
hold the detector during the radiometric measurements; oth-
erwise, the device 1s reported by the manufacturer to have a
response that extends to near 100 micrometers wavelength.
Repeated measurements of the response profile for several
detectors showed them to be reproducible within our mea-
surement capabilities.

In most cases, deposition of additional films by sputtering,
caused loss of the black film, although we could not deter-
mine whether 1t delaminated due to heating and was drawn
through the vacuum system of the deposition chamber or was
ctched away 1n the plasma. Measurements following the
deposition of the S10,, electrical insulator usually showed the
response had dropped to nearly zero at all wavelengths except
those above the bandgap energy of silicon (1.e., wavelengths
shorter than 1200 nm).

Coating of the detector by an optically thick layer of silver
(FI1G. 3, curve B) reduced the overall response by 2-3 orders
of magnitude compared to the unmodified detector because of
increased reflectance. Residual transmission by the film
resulted 1n a weak response curve with a shape similar to that
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of the siliconresponse. A weak maximum observed near 1000
nm became somewhat stronger over time, which 1s attributed
to gradual oxidation of the silver film resulting 1n increased
transmission. However, this weak signal never became sig-
nificant (within 2 orders of magnitude) compared to the

response from the polymer coat that followed, and as such it

did not affect the response curves of the final modified detec-
tor.

Coating with a thin layer of doped polymer resulted in the
response shown as curve C in FIG. 3. A prominent peak
centered at 860 nm appears 1n the response curve, which
corresponds to the absorption maximum of the dye 1n the
polymer film, similar to that observed 1n methylene chloride
solution (FIG. 1). The relative response at the 860 nm peak
was >10 times the response at wavelengths where there was
no dye or metal absorbance.

The thickness of the film can be approximated by the
detectivity observed due to the dye absorbance alone relative
to the maximum possible detectivity, a ratio that 1s equivalent
to the fraction of light absorbed by the doped polymer.

To obtain the detectivity due to the dye absorbance, the
baseline that 1s observed to be rising to the blue of the dye
maximum 1s first fitted and removed. This rising baseline 1s
due to absorption 1n the silver film, which appears in a thin-
film model created based on the data in FIG. 3 (vide inira).
Intraband transitions in silver have been known to occur 1n
this spectral region for some time. This baseline 1s well fit by
an exponential function over the region 400-1100 nm. Sub-
tracting this baseline from the observed response gives a
dye-induced detectivity of 5.98x10° cmVHz/W at 860 nm.
This detectivity is a factor of 4.6x10° greater than reported for
a modified Golay cell.

The maximum detectivity possible for the detector at 860
nm would be obtained 11 the absorber were a perfect black-
body. However, the proprietary black coating provided by the
manufacturer of the detector 1s not a perfect absorber. The
elficiency of the coating relative to a perfect black absorber 1s
not reported by the manufacturer, so we have assumed the
value 1s 0.90+0.05 at 860 nm, consistent with a number of
high-efficiency coatings used for this purpose. The detectivity
ol the unmodified detector at 860 nm with the black film was
measured to be 2.64x107 cmVHz/W, which implies a perfect
blackbody detectivity of 2.93x107 cmVHz/W.

The detectivity of the polymer-modified detector 1s there-
fore estimated to be 20% of that of a hypothetical pertectly
absorbing film. If 80% of the incident light at the peak wave-
length 1s not absorbed by the film, its effective transmission
must be 0.80, giving an eflective absorbance (as-log T) of
0.097. The estimated proportionality between absorbance
and pathlength allows us to then determine the effective path-
length to be 2.6 micrometers. Since the effective pathlength
includes two transits of the film (before and after reflection
from the Ag film), the film thickness 1s near 1.3 micrometers.
This thickness 1s in the lower range of thickness created
experimentally by dip coating on glass slides. However, this
value does not account for resonance effects due to interfer-
ence, for which modeling using a thin film approach 1is
required.

The observed spectral detectivity of the thermopile with
polymer coat (FIG. 3, curve C) shows no interference struc-
ture. This could result from the interference structure being,
too weak to observe, the interference structure being too fine
to resolve 1n our measurement, or from the interference struc-
ture being obscured due to variable thickness of the film (e.g.,
wedging) or roughness of the surface. These questions can be
partly resolved by calculating the thin-film reflectance of a
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model of the system used. For this model, a specular doped
polymer film on a polished Ag substrate 1s used.

The Ag film on this modified detector was made optically
thick, so effects from structures underneath (other than via
their roughness or texture) are weak. The optical constants of
Ag 1n this model are taken from Handbook of Optical Con-
stants of solids I, E. D. Palik, ed. (Academic Press, San Diego,
1998), and film thicknesses between 0.8 and 2.1 micrometers
were examined. The complex optical constants of the poly-
mer film are assumed to have a real component near 1.45 and
an imaginary component obtained from the absorbance of the
dye 1n the film. The 1imaginary index can be obtained from the
Naperian absorption coellicient according to:

Ay (A) 2
P

a(d) =

where o 1s the absorption coetlicient, A 1s wavelength and n,
1s the imaginary index. The absorption coetlicient can also be
estimated by multiplying the specific absorptivity (s, 1n units
of L/gram-cm) by the density of the polymer (p, in grams/L)
and the ratio of the mass of the dye (m,,,) to that of the

polymer (m,,,.,,) in the film preparation:

Mdye

a(d) = ln(IO)p( ]S(PL).

M poiym

Taken together, these two equations allow the imaginary
index to be estimated as:

1AN)=1.21x 10 "As(\) 4

where A 1s the wavelength 1n nm. Using these parameters, the
calculated absorbance (taken as 1-R) of the film on Ag at
normal incidence 1s shown as the solid curve in FIG. 4,
evaluated for a polymer film thickness of 1.02 micrometers.
This thickness provided the best uniform-thickness match to
the observed spectral response.

Several differences are apparent between the observed
response ol the modified detector (long dashes) and the best
uniform thin film model of its response. The most obvious 1s
that the dye absorbance appears sharper and stronger in the
model than 1n the measurement. This 1s the result of an acci-
dental resonance efl

ect that suppresses the wings of the dye
response and reinforces the absorbance at the maximum.
Calculations with slightly thinner or thicker films show
broader and weaker responses, with a maximum shifted to
shorter or longer wavelengths, respectively.

A second pronounced difference 1s the strong interference
structure observed in the blue region for the 1.02 um thickness
model. Ifthis structure were present, the spectral resolution of
our measurement in this region (10 nm) would have been
adequate to capture 1t. We conclude the ripple structure was
not present due to either scattering or variable film thickness.
The surface of the detector did not appear to show significant
diffuse scattering, which suggests that film roughness 1s a less
likely explanation for the lack of observed interference
cifects than 1s non-uniformaity of the film.

The detectors chosen for this illustration had a textured
surface, and 1t 1s likely this texture resulted 1n varying thick-
ness for the film 1n a more-or-less consistent manner. Tests of
coatings on slides showed relatively umiform film thickness
with noticeable interference effects 1n transmission measure-
ments under a wide range of coating conditions, and 1t seems
likely that the single-drip coating approach used to coat the




US 8,283,633 B2

9

thermopiles 1n this i1llustration would have done likewise
except for this surface form factor.

Calculations performed with films of varying thickness
suggest that a range of film thickness could account for the
loss of most of the interference structure in the response
spectrum and for the shape of the response curve in the region
of the dye absorbance. When calculations were averaged for
film thickness between 800 and 1200 nm, the interference
elfects were reduced substantially 1in both the blue region of
the spectrum and in the region of the dye absorbance, giving,
rise to spectral profiles more similar to the measured spec-
trum than any single thickness. These effects of varying thick-
ness were both adventitious and fortuitous, since loss of most
interference structure causes the resulting responsivity curves
to bear a striking resemblance to the absorption spectrum of
the dye itsell. If interference elfects were not frustrated by
phase thickness variability or surface irregularities, then
achieving a reproducible modification of the detector surface
would be challenging. If such detectors were fabricated com-
mercially, imaging interferometry could be used to ascertain
the consistency of coating across the full detector surface.

One significant result of the thin film model 1s to show that
thin film effects are responsible for increasing the rising blue
baseline observed weakly for a pure silver surface, but which
1s enhanced when the Ag 1s coated with a polymer layer. The
short dashed curve 1n FIG. 4 shows the result of a calculation
on an uncoated Ag surface. In our measurements of coated
detectors, we observed this weaker blue baseline feature in
detectors modified with only Ag layers, although the particu-
lar detector response shown in FIG. 3 did not show 1t. After
the deposition of the polymer film, the blue baseline feature
was observed 1n all cases.

In order to illustrate reproducibility, several thermopiles
were modified and calibrated over a period of 5 months. In
cach case, the resulting spectral profiles could always be
decomposed into an exponentially decaying baseline due to
absorbance in the Ag layer, plus a band due to dye absorbance.
The intensity of the dye band relative to the Ag absorbance
varied by approximately 20%, which was attributed to the
imprecision of the manual method used to apply the polymer
film. In no cases were interference fringes noted, and 1n no
cases were the spectra resolvable 1into anything other than the
sum of the two features just described. Results from our lab
for manual deposition of these same polymer films onto glass
microscope slides show approximately the same level of vari-
ability 1n the polymer film thickness. Automation with no
other steps to control temperature and humidity improved the
glass slide coating precision to better than 10% relative stan-
dard deviation.

The baseline absorbance due to Ag that forms the compet-
ing spectral profile 1 the results 1s a consequence of an
absorbance of the metal. Aluminum can be used as the reflect-
ing layer to eliminate this background feature. Regardless of
the metallization used, a weak, broad absorbance will remain
due to the absorbance that occurs with all metals. Additional
layers could be included to increase the reflectivity of the
underlying metal layer over certain ranges of wavelengths 11
desired. Taken together, with a combination of improved film
deposition and better choice of metallization, 1t 1s likely the
spectral profiles of these modified detectors can approach the
reproducibility of the original thermal detectors on which
they are based.

The curves 1n FIG. 3 extend into the long-wave near-inira-
red (NIR) region in which 1t 1s possible to observe weak
vibrational overtones and combination absorbance of the
polymer 1tself. FIG. 5 shows a comparison between the mea-
sured spectral detectivity of the modified thermopile and the
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measured absorption spectrum of the polymer in the same
region. The detector response begins to drop relative to the
absorption beyond 2700 nm due to attenuation by the BK-7
window used 1n the detector testing apparatus. Nevertheless,
all the absorption maxima found in the NIR absorption spec-
trum of the polymer are also found 1n the spectral detectivity
curve of the detector.

The absorption measurement shown 1n FIG. 5 was made 1n
transmission mode using a thin film deposited on a micro-
scope slide, with both sides coated. The spectrum of this slide
showed pronounced interference effects at shorter wave-
lengths that permit the polymer film thickness on each side of
the sample to be estimated at 5.00 micrometers. This then
provides a method for estimating the NIR absorption coetii-
cients of the polymer 1tself and represents a second method
for estimating the thickness of the film applied to the modified
detectors 1n this illustration.

The doublet observed 1n the 2270-2320 nm region has a
peak to valley intensity of approximately 0.015 absorbance
units, providing a Naperian absorption coellicient of approxi-
mately 35/cm. In general, the absorption coelficients for these
near-infrared bands vary in the range 10-50/cm. The response
curve 1n FIG. 5 allows us to estimate the absorbance of the
f1lm on the modified detector 1n this region as approximately
2.7x107°, giving a pathlength estimate of 1.8 micrometers
and a film thickness of 0.9 micrometers. The adjacent near-
inirared absorption band between 2430-2470 nm 1n the
absorption 1s consistent with a film thickness of 1.0 microme-
ter.

(Given the uncertainties in the absolute reflectance of the
black film on the as-received detector, the probability of some
residual interference effects on the spectral intensities, and
the inadequate resolution (40 nm) of the measurement 1n this
window of the detector measurement, the film thickness esti-
mate (1.02 micrometers) obtained from the thin-film model-
ing of the dye absorption region 1s not inconsistent with these
somewhat lower values.

FIG. 6 shows the measured relative frequency response of
the modified detector as a function of modulation frequency.
Thermopile detectors are generally used as DC or low-1re-
quency AC detectors because of their relatively slow
response. The time constant indicated 1n FIG. 6, determined
as the frequency at which the response drops to about 50% of
its DC value, 1s approximately 46 milliseconds, just above the
38 millisecond response reported by the manufacturer for the
unmodified detector. The frequency response illustrated in
FIG. 6 1s thus characteristic of the detector alone, implying
that the polymer film has a negligible impact on the result.

Absorption 1n the polymer film results 1n heating of the
thermopile detector via thermal diffusion processes, and so
the effective thickness of the polymer 1s limited by the rate at
which heat can diffuse from the warmed polymer to the
detector element. Since the effective thickness 1s rate-depen-
dent, 1t 1s a function of the frequency at which the excitation
ol the detector 1s modulated. Equation 5 gives the dependence
of the thermal diffusion pathlength, p, 1in meters on the chop-
ping irequency, 1, in Hz,:

(2" 5

where o is the thermal diffusion coefficient in units of m~/sec.
An article by A. Mandelis and M. M. Zver, I. Appl. Phys.
57,4421 (19835), while describing a different optical configu-

ration, provides a set of convenient quantitative definitions
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relevant to the performance of a system that depends at least
partly on thermal diffusion through a film, which 1n turn are
based on a previously described classification system. Spe-

cifically, the classification system 1s based on the relative
magnitudes of the physical thickness, L, the thermal diffusion
pathlength, u, and the optical pathlength, {3. A film 1s consid-
ered thermally thin 11 u>>L and thermally thick 11 u<<L. In
the case of thermally thin films, the spectral response of the
present system 1s expected to approach (1-R), where R 1s the
spectral retlectance of the device. More complex behavior 1s
expected 1n the case of thermally thick films.

The definition of optical pathlength used in the above noted
Applied Physics article by Mandelis and Zver 1s not fully
appropriate to the present situation, since the reflective metal
f1lm causes the incident radiation to retlect back through the
polymer film, effectively doubling the optical pathlength of
the film (except for effects due to interference). This likely
gives rise to another case beyond those considered there, but
we can assert that optical thinness 1n the present case would
be best defined by [>>2L, while the condition most consis-
tent with the concept of an optically thick film would remain
B<<L.

In the special case of a thermally thin film, optical thick-
ness governs the level of saturation expected in the spectral
response, but 1n all cases the response can be estimated the
spectral energy loss on retlectance. I optical interference
elfects are observed, they would be expected to be most
pronounced 1n the case of optically thin films, while interter-
ence would be suppressed for optically thick films. In the
intermediate case, L<<2L, some light intensity can always
reach the detector face and thus there would be a weak but fast
frequency response that would grow toward saturation at
lower chopping frequencies.

At the chopping frequency used in this illustration (10 Hz),
the thermopile detector 1s near its optimal response. Thermal
diffusion coelficients for three thin-film polymers (polym-
cthyl-methacrylate, polystyrene, and polyvinylchloride)
were reported to be 5x10™° m~/sec. No value has been
reported for Acrvloid B-67, but 1t 1s likely to be in the same
range as 1t 1s an alkyl methacrylate polymer. Taking this value
for our polymer, the effective thermal diffusion pathlength, u,
under these conditions 1s likely near 40 micrometers. Thermal
thinness demands a film thickness of less than this value.
However, as a physical thickness of 40 micrometers would
correspond to an optical pathlength of 80 micrometers, modi-
fied thermopile responses can be obtained exceeding 10% of
the perfect blackbody response as long as the Naperian
absorption coellicient of the polymer coating exceeds about
13/cm. At such high attenuations a modified thermal detector
of the type described here begins to enter a regime of optical
thickness 1n which the spectral responsivity begins to notice-
ably differ from the absorption profile, becoming flattened at
the wavelengths of highest absorbance. This may be perfectly
acceptable for many applications.

Better frequency responses should be obtainable with
materals having larger absorption coefficients. For example,
the dye absorbance at 860 nm for the polymer formulation
used here has a Naperian absorption coetficient of 838/cm. A
film thickness of 13.4 micrometers should then permit the
modified detector to achieve a response approaching 90% of
the perfect absorber response at the wavelength of the maxi-
mum. At this thickness, the polymer film restricts operation to
modulation frequencies below about 90 Hz to maintain the
thermally thin condition. As with any other conventional
black coating, the ultimate limait to the response that can be
achieved 1s set by scattering and Fresnel retlectance losses.
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Applications requiring fast responses require both a faster
detector than a thermopile and a thinner film. The high fre-
quency limit of a fast thermal detector (e.g., a pyroelectric
detector) using a polymer modifier 1s determined by the maxi-
mum achievable absorption coellicient in the coating materi-
als and the mimimum acceptable responsivity for an applica-
tion. In the UV region, absorption coelficients may exceed
10°/cm for pure materials, while values in the mid-infrared
for strong absorbances are of the order of 10°/cm and those in
the long-wave near-infrared are usually in the range 10°-10°
for pure materials. Very thin films are required for a high
frequency response, but very thin films (such as monolayers)
onmetals begin to sufier from surface selection rule problems
that attenuate their spectrum for normal 1incidence radiation.

Simple calculations suggest that films of a strong (a=2.3x
10°/cm) UV-absorbing material at 300 nm might be expected
to attenuate 90% of light for a film of only 5 nm 1n thickness.
However, Fresnel reflectance, interference effects and surtface
selection rule problems limit the maximum energy loss 1n
such a film on an optical metal to about 50% regardless of
thickness, with 25% response for a film thickness of 5 nm.
Still, a 5 nm film thickness should permit operation up to 600
MHz for thermal diffusion rates such as those described here.
For such thin films, film uniformity and instability would
represent a techmical challenge. In most other spectral
regions, measurements would be restricted to the sub-kHz
regime and film thickness more readily achieved and con-
trolled with polymers and molecular matenals.

An optically thick film, using the criteria described above,
1s one 1n which the optical absorption pathlength 1s smaller
than the physical thickness of the film, 1.e., $<L. In this event,
the thermal properties of the film govern the response. If the
{1lm 1s thermally thin, then we should expect that the response
of the system will remain determined by the spectral energy
loss on reflection of the incident light. If the film 1s thermally
thick, however, the response should tend toward zero; since
no light penetrates close enough to the thermal detector to
create a significant response, similar to the results found 1in the
Applied Physics article by Mandelis and Zver under the same
conditions.

I1 the optical absorbance 1s strong at the absorption maxi-
mum of the film, but weaker on the wings of the absorption
bands, 1t 1s possible for the spectral response to show a mini-
mum at the absorption maximum and maxima on the shoul-
ders of the absorption bands. In optically thick conditions,
spectral response curves with complicated and or varniable
shapes could be obtained by varying the chopping frequency,
providing a range of spectral responses to a single device. At
frequencies ol modulation near 10 Hz, a thermal detector
could effectively sample heat generated throughout a poly-
mer film with a thickness up to 40 micrometers, as described
above. However, 1f the modulation frequency were then
increased to about 100 Hz, the effective sampling thickness
would fall to just above 10 micrometers. If the exterior 30
micrometers of the polymer film had great absorbance, the
interior 10 micrometers might then be subject to an inner filter
cifect that would cause 1ts greatest response to be on the wings
ol absorption bands rather than on the peaks.

While equations to permit an exact solution for thick films
in the modified thermal detectors described here are not pres-
ently available, a simplistic model provides a sense of the
clfects that might be observed. FIG. 7 shows the result of a
crude calculation for a doped polymer with a thickness of 15
micrometers at low and high frequency, where the high fre-
quency 1s selected to respond only to the bottom 24 of the
polymer layer thickness. The film was modeled with an absor-
bance profile like the dye used 1n these experiments, but with
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the coetlicient increased by a factor of 3.5 compared to the
f1lm used here. The figure 1s drawn under the assumption of a
thermally thin condition at low frequency for the entire film,
while under the high frequency condition all heat generated in
the bottom 24 of the film 1s detected, while no heat from the
top 3 1s detected.

This approach could concervably be used to control or filter
the response of a detector to be even more sensitive to the
response of an analyte in a mixture as follows. First, a poly-
mer or film containing the absorbance of the analyte would be
deposited onto the thermal detector surface. Afterwards, fol-
lowing the possible addition of a spacer and separator layer, a
polymer or film containing absorbance associated with
chemical interferences could be added. This additional coat-
ing could be used to reduce the intensities of light wave-
lengths primarnly absorbed by interferences, with a high fre-
quency of modulation being used to prevent this absorbance
from being sampled.

However, unless physical space were at a premium 1n a
device, a more facile use of this latter principle would be
obtained by adding a separate transparent plate with the inter-
terent polymer as a prefilter before the modified thermal
detector. This has the advantage of separating the steps 1n
production to improve elliciency.

A method for producing thermal detectors with spectral
responsivities that mimic the absorptions of chemical ana-
lytes, and whose detector characteristics approach those of
conventional broad-band thermal detectors, has been
described herein. The basis of the detector modification 1s the
addition of an absorbing film above a reflector deposited
directly on a thermal detector element. We employed a ther-
mopile-type detector in the illustration, but the method 1s
general to all types of thermal detectors that can be divided
into separate absorber and thermal sensor components.

We find that generally such detectors are subject to inter-
terence elfects that can mask the properties of an absorbing
film unless film thickness variations or surface roughness
negate them. If interference effects are significant, the shape
of the spectral responsivity curve of the detector becomes
very sensitive to the thickness of the film, and 1s thus probably
difficult to control or predict. If these effects are mimmized by
one or more methods, then the overall spectral detectivity, D*,
for the modified detector can approach the product of the
inherent D* of the detector with the absorbance of the film,
where the absorbance 1s the fraction of light absorbed, as
shown 1in Equation 6:

D*yrop(hf)=(1-e~27)D* (L) 6

where o 1s the Naperian absorption coellicient and d 1s the
film thickness. This equation holds true whenever the film
thickness 1s less than the thermal diffusion pathlength.
Because of physical constraints on the absorption coetfi-
cients of pure materials, the response speed of detectors using
chemical modifiers will usually be lmmited to <1 kHz,
although UV-Vis-type detectors might respond more quickly.
Finally, the dependence of the thermal diffusion length on
light modulation frequency indicates a wide variety of
“tricks” one can play by modulating frequency. Among these
tricks are: changing the spectral responsivity of the detector
by changing modulating frequencies; asserting or overcom-
ing 1nner filter effects by frequency selection; and producing
response multilayers in which only the closest films to the
detector element give rise to the measured thermal response.
At room temperature, thermal detectors are relatively low
in detectivity compared to photon detectors. Thus the method
described here has applications where light 1s strong enough
to give the requisite signal to noise to enable a measurement.
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Although the present subject matter has been described 1n
such a way as to provide an enabling disclosure for one skilled
in the art to make and use the invention, 1t should be under-
stood that the descriptive illustration of the invention 1s not
intended to limit the present invention to use only as shown in
the figures. Thus, while exemplary embodiments of the inven-
tion have been described, those of ordinary skill in the art wall
recognize that changes and modifications may be made with-
out departing from the scope and spirit of the present subject
matter.

What 1s claimed 1s:

1. A method for adjusting the spectral detectivity of a
detector, comprising: providing a detector having a broad-
band sensitive portion; coating the broadband sensitive por-
tion with a first material to reduce the interaction of the
detector with light; and coating the first material with a sec-
ond material having spectral absorption characteristics,
wherein the broadband sensitive portion 1s coupled to receive
an energy irom the second material.

2. The method of claim 1, wherein the first material 1s a
mirror coating material.

3. The method of claim 1, wherein the mirror coating 1s a
metal.

4. The method of claim 3, wherein the metal 1s silver.

5. The method of claim 1, wherein the second material 1s a
polymer.

6. The method of claim 5, wherein the polymer comprises
a near infrared dye.

7. The method of claim 6, wherein the dye absorbs light 1n
a spectral band within the 700 nm to 1000 nm spectral region.

8. The method of claim 6, wherein the dye 1s mixed with a
binding material that 1s transparent between 400 nm and 1100
nm.

9. The method of claim 1, wherein providing a detector
comprises providing a thermal detector.

10. The method of claim 1, wherein providing a detector
comprises providing a thermopile detector.

11. The method of claim 10, wherein providing a thermo-
pile detector comprises providing a Si-based thermopile
detector.

12. The method of claim 1, further comprising: providing
an electrically msulating coating on the broadband sensitive
portion of the detector prior to coating the broadband sensi-
tive portion with said first material.

13. The method of claim 12, wherein the electrically 1nsu-
lating matenal 1s a S10, film.

14. The method of claim 1 wherein the energy 1s a thermal
energy.

15. The method of claim 1 wherein the broadband sensitive
portion comprises a photoacoustic medium.

16. A detector, comprising: a broadband sensitive detector
material; a layer of light reflecting material disposed on at
least a portion of the broadband sensitive detector material to
reduce the interaction of the detector with light; and a layer of
spectral absorption material disposed on said light reflecting
material, wherein the broadband sensitive detector material 1s
coupled to receive an energy from the spectral absorption
material.

17. A detector as 1n claim 16, further comprising: a layer of
insulating material between said light sensitive material and
said light reflecting material.

18. A detector as in claim 16, wherein the light reflecting
material 1s a metal.

19. A detector as 1n claim 18, wherein the metal 1s silver.

20. A detector as 1n claim 16, wherein the spectral absorp-
tion material 1s a near-infrared dye.
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21. A detector as in claim 20, wherein the dye 1s mixed with
a binding material that i1s transparent in a spectral region
included within the visible, the MIR, and the NIR spectral
regions.

22. The detector as in claim 21 wherein the spectral region
comprises wavelengths from 400 nm to 1100 nm.

23. A detector as 1n claim 16, wherein the broadband sen-
sitive detector 1s Si-based thermopile detector.

24. A detector having spectral responsivity similar to
chemical analytes, comprising:

a detector including a broadband sensitive portion;

a layer of a first material disposed on the detector to reduce
the mteraction of the broadband sensitive portion with
light; and

an absorbing layer of a second material disposed on the
layer of a first material; wherein

incoming light impinges first on the absorbing layer of a
second material and the broadband sensitive portion 1s
coupled to receive an energy from the second material.

25. The detector of claim 24 wherein the energy i1s a ther-
mal energy.

26. The detector of claim 24 wherein the broadband sensi-
tive portion comprises a photoacoustic medium.

277. The detector of claim 24 wherein the absorbing layer of
material has a thickness to reduce an optical interference.

28. The detector of claim 24 wherein the second material
has an absorption profile correlated to an absorption profile of
a chemical analyte of interest.

29. The detector of claim 28 wherein the chemical analyte
1s a chemical factor in a multivariate optical computing sys-
tem.

30. The detector of claim 24 wherein the absorbing layer
has a thickness less than a thermal diffusion path length of the
second material.

31. A method for using an optical detector comprising:

modulating light at a frequency; and

directing the modulated light to the optical detector,
wherein the optical detector comprises:
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a detector including a broadband sensitive portion;

a layer of a first material formed on the broadband sen-
sitive portion to reduce the interaction of the detector
with light; and

an absorbing layer of a second material formed on the
layer of a first material; wherein

the modulated light impinges first on the absorbing layer
of the second material and the broadband sensitive
portion 1s coupled to receive an energy from the sec-
ond material.

32. The method of claam 31 wherein the frequency 1s
selected according to a thermal conductivity of the second
material.

33. The method of claiam 32 wherein the frequency 1s
selected according to a thickness of the absorbing layer of the
second material.

34. The method of claim 32 wherein modulating light at a
frequency comprises:

modifying the frequency of the modulation to change a

spectral responsivity of the optical detector.

35. The method of claim 34 wherein modifying the fre-
quency of the modulation comprises:

increasing the frequency of the modulation to 1increase the

spectral responsivity in the wings of absorption bands of

the second material.

36. A method for adjusting the spectral detectivity of a
detector, comprising:

coating a broadband sensitive portion of the detector with

a first material to reduce the response of the detector to

light;

coating the first material with a second material that has

spectral absorption characteristics; and

adding a polymer to the second material, whereby the

spectral absorbance of the second material combined
with the spectral absorbance of the polymer determines
the sensitivity of the detector; and whereby the broad-
band sensitive portion 1s coupled to receive an energy
from the second matenal.

G o e = x
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